Detecting dopamine is of great biological importance because the molecule plays many roles in the human body. For instance, lack of dopamine release is the cause of Parkinson's disease. Although many researchers have carried out experiments on dopamine detection using carbon nanotubes (CNTs), there are only a few theoretical studies on this topic. We study the adsorption properties of dopamine and its derivatives, L-DOPA and dopamine o-quinone, adsorbed on a semiconducting (10, 0) CNT, using density functional theory calculations. Our computational simulations reveal that localized states originating from dopamine o-quinone appear in the bandgap of the (10, 0) CNT, but those originating from dopamine and L-DOPA do not appear in the gap. Therefore, dopamine oquinone is expected to be detectable using an external electric field but dopamine and L-DOPA should be difficult to detect.
Introduction
Dopamine is one of the most fundamental neurotransmitters that act as messengers for synaptic transmission in a brain. It plays roles in motor control, attention, motivation, learning, reward, etc [1] [2] [3] [4] . Because of its various roles in the human body, dopamine may cause serious mental illnesses. In particular, the addictions such as drug, gambling, and computer game addictions have relevance to the excessive release of dopamine and addictions arise from the repetition of behaviors that release dopamine [5] [6] [7] . Recently, some researchers have reported that dopamine is related to attention deficit/hyperactivity disorder [8] [9] . Moreover, the lack of dopamine release is the cause of Parkinson's disease. Unfortunately, dopamine itself cannot pass through the blood-brain barrier which means that it cannot be administered therapeutically, L-DOPA, a precursor of dopamine, is used to increase the concentration of dopamine in the treatment of Parkinson's disease because it is able to pass through the barrier [10] . In this regard, monitoring the concentrations of dopamine and L-DOPA are of great biological significance. However, despite its importance in the brain, it is hard to detect the existence of dopamine. An efficient way to determine whether dopamine exists is by cyclic voltammetry (CV) [11] [12] . In an experiment using a CV, dopamine is oxidized to dopamine o-quinone, and this, in turn, is reduced to dopamine again at the electrodes, by controlling the direction of the current [13] .
When dopamine is oxidized to dopamine o-quinone, two hydrogen atoms in the hydroxyl groups are removed. The organic compound becomes highly reactive and may be toxic [14] [15] [16] [17] . Therefore, we also consider dopamine o-quinone for this computational study.
Carbon nanotubes (CNTs) are attractive macromolecules which are applicable to the sensing of biomolecules because of their unique electrical and chemical properties [18] [19] [20] [21] [22] [23] . CNTs can improve the electrochemical reactivity of biomolecules and alleviate surface fouling effects [24] [25] . In this respect, CNT-based electrodes are commonly used in biological and CV experiments [26] [27] . Many researchers have already done various experimental investigations into the detection of dopamine, L-DOPA, and dopamine o-quinone [28] [29] [30] . There are a few papers on the dopamine adsorption on the CNT [31] [32] . However, the literature does not compare dopamine with L-DOPA and dopamine oquinone for the adsorption on the CNT. As mentioned above, there are strong motivations to examine the properties of L-DOPA and dopamine o-quinone and gain theoretical insights into dopamine biochemistry.
In this paper, we report a first-principles investigation of the adsorption properties of dopamine, L-DOPA, and dopamine o-quinone molecules adsorbed on the semiconducting (10, 0) CNT. The binding energies of dopamine, L-DOPA, and dopamine o-quinone were 0.69, 0.69, and 0.75 eV, respectively.
Our results show that the localized states originating from dopamine and L-DOPA do not exist in the bandgap of the tube, but that those from dopamine o-quinone appear in the bandgap.
Computational Details
Based on density functional theory (DFT) [33] , we have investigated CNTs with respect to the adsorption of dopamine, L-DOPA, and dopamine o-quinone. Using the Quantum ESPRESSO package [34] , wave eigenfunctions and eigenenergies were calculated, using a plane-wave basis set to kinetic cutoff energy of 40 Ry (~540 eV). Ion-electron interactions were described with projector augmented wave (PAW) pseudopotentials [35] . For the exchange-correlation part of the Hamiltonian, we used Perdew-Burke-Ernzerhof parameterization of the generalized gradient approximation method [36] . To get more accurate results, we also considered van Der Waals correction with Grimme's D2 method (DFT-D2) [37] . The estimated energy error was less than 10 -7 and the convergence threshold on forces for ionic minimization was 0.03 eV/Å . Three moleculesdopamine, L-DOPA, and dopamine o-quinoneswere calculated, in a simple cubic lattice with a lattice constant of 20 Å . The Γ point was used in the calculations of the molecules. For the host material, we selected the (10, 0) CNT. The unit cell size was 25.0 × 25 × 4.233 Å and the axis of the tube was in the z-direction. A k-point grid for computation of the CNT was 1 × 1 × 10 as in a Monkhorst-Pack grid [38] . With respect to adsorption of molecules on the CNT, the initial locations of the molecules were 3.3 Å away from the tube wall. For each molecular adsorption, the binding energy was defined as E binding = E CNT+molecule − (E CNT + E molecule ), where E CNT+molecule is the total energy of a molecule-adsorbed CNT, E CNT is the total energy of the bare CNT, and E molecule is the energy of the isolated molecule in a vacuum. For the stacking configuration, AB stacking between the catechol ring of each molecule and a CNT hexagon was considered. Dopamine has a catechol ring and an amine group at the end of a linear hydrocarbon. Since dopamine has several isomers considering the orientation of two hydroxyl groups, we calculated a few different isomers. Considering the fact that a molecule with a larger HOMO-LUMO gap is more stable, dopamine and L-DOPA molecules should be stable and dopamine o-quinone relatively unstable. Therefore, we can conclude that dopamine is similar to L-DOPA with respect to energy spacing, but it is very different from dopamine o-quinone. The wave functions of the three types of molecules also show interesting features, as displayed in Brown spheres represent carbon atoms and red, blue, and white spheres indicate oxygen, nitrogen, and hydrogen atoms, respectively. In each case, the molecule is in AB stacking with respect to the CNT hexagon.
Results and Discussion
Next, we turn to the (10, 0) CNT, which has a bandgap of 0.75 eV in its pristine state [39] with an adsorbed molecule (dopamine, L-DOPA or dopamine o-quinone). Among several binding configurations, we determined the energetically most favorable configurations using first-principles calculations. For the molecules placed on graphene, the common trend is that AB stacking is a few meV more stable than AA stacking [40] [41] . Thus, we present the adsorption configurations with AB stacking between the phenyl ring and the CNT in Figure 3 . The catechol ring is in an AB stacking configuration with a hexagon of the nanotube. For the adsorption of dopamine, L-DOPA, and dopamine o-quinone on the CNT, the binding energies are summarized in Table 2 . The adsorption energies of dopamine and L-DOPA on the (10, 0) CNT are the same (0.69 eV) [42] . For dopamine oquinone, the binding energy is somewhat higher by 0.06 eV than dopamine and L-DOPA. As mentioned above, since the oxygen atoms on the catechol ring have dangling bonds, slightly stronger binding occurs when dopamine o-quinone is adsorbed on a CNT. For the case of the adsorption of dopamine o-quinone on the CNT, further analysis of the localized state in the bandgap should prove meaningful to understand. We applied an external electric field with the magnitude of 0.1V/Å perpendicular to the tube axis. In the computation, the tube axis is in the z direction and the field is in ±y directions. For an electric field in the +y direction, the bandgap of the CNT was the same as the one before adsorption which is calculated to be 0.76 eV. However, the binding energy was increased by 0.13 eV owing to the electrostatic attraction. In addition, the localized states of dopamine o-quinone are upshifted by 0.27 eV, compared to the case in the absence of the electric field. It means that dopamine o-quinone is likely to donate electron to the CNT. Figure   5 (a) shows the electronic structure of the CNT with dopamine o-quinone. Compared with Fig. 4(d) , the flat band derived from dopamine o-quinone is relatively far from the valence band maximum.
The dotted and solid lines in the PDOS indicate the LUMO states of dopamine o-quinone in the presence and absence of the applied electric field, respectively. It is obvious that the LUMO of dopamine o-quinone moves away from the Fermi level and goes up when the electric field is applied in the +y direction. In Fig. 5(b) , yellow (cyan) represents electron accumulation (depletion) formed by the charge density rearrangement upon the application of the external electric field. When the electric field is applied in the -y direction, on the other hand, the system is unstable and the potential is not converged easily. This is because the electric field makes the LUMO of dopamine o-quinone partially filled as the state in the bandgap approaches the Fermi level. In this case, the LUMO state is downshifted by a few meV. The binding energy of the adsorbate is almost the same as the case without an electric field. 
Conclusion
We performed first-principles calculations to investigate the adsorption properties of dopamine, L-DOPA, and dopamine o-quinone molecules on CNT. Considering various adsorption configuration, we found that AB stacking between the catechol rings and the CNTs' hexagon was the most stable.
The binding energies we obtained were 0.69, 0.69, and 0.75 eV for dopamine, L-DOPA, and 
